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Introduction
The treatment of septic patients emphasizes the optimization
of oxygen utilization by tissues through maintenance of an
adequate oxygen supply, minimizing the cellular dysfunction
progression [1]. Blood cell transfusion is frequently used with
the intention of augmenting arterial oxygen content and its uti-
lization by the tissues [2]. Blood cell transfusion efficacy in
septic patients is still not convincingly demonstrated and pre-
vious studies report conflicting results. When oxygen con-
sumption is calculated by Fick’s method [3], it is
demonstrated to have increased following red blood cell
(RBC) transfusion. However, such increase is not always cor-
roborated by indirect calorimetry [4]. Discrepancies of results
may be explained by the mathematical coupling of data used
pHi = intramucosal pH; RBC = red blood cell.
Abstract
Background Red blood cell (RBC) transfusion is commonly used to increase oxygen transport in
patients with sepsis. However it does not consistently increase oxygen uptake at either the whole-body
level, as calculated by the Fick method, or within individual organs, as assessed by gastric intra-
mucosal pH.
Aim This study evaluates the hemodynamic and oxygen utilization effects of hemoglobin infusion on
critically ill septic patients.
Methods Fifteen septic patients undergoing mechanical ventilation whose hemoglobin was <10 g%
were eligible. Ten patients (APACHE II: 25.5 ± 7.6) received an infusion of 1 unit of packed RBC over
1 h while sedated and paralyzed. The remaining five control patients (APACHE II: 24.3 ± 6.0) received
a 5% albumin solution (500 ml) over 1 h. Hemodynamic data, gastric tonometry and calorimetry were
obtained prior to and immediately after RBC transfusion or 5% albumin infusion.
Results Transfusion of RBC was associated with an improvement in left ventricular systolic work index
(38.6 ± 12.6 to 41.1 ± 13.0 g/min/m2; P = 0.04). In the control group there was no significant change in
the left ventricular systolic work index (37.2 ± 14.3 to 42.2 ± 18.9 g/min/m2). An increase in pulmonary
vascular resistance index (203 ± 58 to 238 ± 49 dyne/cm5/m2; P = 0.04) was also observed, while no
change was produced by colloid infusion (237 ± 87.8 to 226.4 ± 57.8 dyne/cm5/m2). Oxygen utilization
did not increase either by Fick equation or by indirect calorimetry in either group. Gastric intramucosal
pH increased only in the control group but did not reach statistical significance.
Conclusion Hemoglobin increase does not improve either global or regional oxygen utilization in
anemic septic patients. Furthermore, RBC transfusion may hamper right ventricular ejection by
increasing the pulmonary vascular resistance index.
Keywords albumin, blood transfusion, fluid therapy, oxygen consumption, septic patients
Received: 26 March 2001
Revisions requested: 10 September 2001
Revisions received: 4 October 2001
Accepted: 12 October 2001
Published: 1 November 2001
Critical Care 2001, 5:362-367
© 2001 Fernandes et al., licensee BioMed Central Ltd
(Print ISSN 1364-8535; Online ISSN 1466-609X)Available online http://ccforum.com/content/5/6/362
r
e
s
e
a
r
c
h
c
o
m
m
e
n
t
a
r
y
r
e
v
i
e
w
r
e
p
o
r
t
s
m
e
e
t
i
n
g
 
a
b
s
t
r
a
c
t
s
to calculate both oxygen transport and consumption [5].
Blood cell transfusion has been implicated with a deteriora-
tion in gastric oxygenation when it was measured by gastric
intramucosal pH (pHi), determined by tonometry [6]. This
deterioration has been attributed to prolonged storage time
of transfused red blood cells which may lead to cellular stiff-
ening, decreasing their deformation capacity and exacerbat-
ing the rheological abnormalities observed in sepsis. We
conducted an interventional, prospective, randomized, con-
trolled study to evaluate the immediate consequences of
RBC transfusion on hemodynamic parameters and on sys-
temic and gastric oxygen consumption, using indirect
calorimetry and gastric tonometry.
Materials and methods
This study was performed in a general intensive care unit, in a
private tertiary hospital, from January to December 1996 after
approval by the Internal Ethics Committee. As a result of the
clinical condition of patients, consent was obtained from the
next of kin.
Subjects
Septic patients [7] with hemoglobin concentration values less
than 10 g%, who were being mechanically ventilated, with an
oxygen inspired fraction (FIO2) less than 60% and with pul-
monary artery catheter monitoring (Swan-Ganz CCOmbo
CCO/SVO2: Baxter, Edwards Critical Care Division, Irvine,
USA) were included. They were all studied for a period of
48 h after sepsis was diagnosed. Exclusion criteria included:
age <18 or >80 years, pregnant women, patients on dialysis,
and patients who had recently undergone a gastrointestinal
surgical procedure and established septic shock [7].
Intervention
A tonometry probe device (Tonometrics: Datex, Helsinki,
Finland) was inserted and its position was confirmed by X-
ray. All patients received gastric protection with antacids and
enteral diet was interrupted during the study period. A
calorimeter (Deltatrac II Metabolic Monitor: Datex, Helsinki,
Finland) was installed in the mechanical ventilator circuit to
measure carbon dioxide and oxygen concentrations in the
inspired and expired air and to calculate systemic oxygen
consumption and carbon dioxide production. A radial artery
catheter (Radial artery catheter: Arrow, Reading, USA) was
introduced to measure mean arterial pressure. Mechanical
ventilation (Servo 900 C: Siemens Elema, Lünd, Sweden)
parameters were adjusted in order to maintain carbon
dioxide arterial tension within the normal range and an
oxygen arterial saturation of more than 92%. All patients
were sedated with midazolam and paralyzed with pancuro-
nium. After initial measurements, patients were randomized
2:1 in order to receive one packed RBC unit or 5% albumin,
500 ml (5% Albumin: Baxter AG, Vienna, Austria), respec-
tively. Storage time of the transfused RBC packages was
12.8 ± 8.1 days. The infusion time was 60 min. Immediately
after this period, all measurements were repeated and the
study was finished. No alterations in cardiovascular and ven-
tilatory support were performed during the study. Patients
were not aspirated, decubitus changes were not allowed nor
any other physiotherapeutic procedures. Hyperthermia was
treated with dipirone.
Measurements
Arterial lactate measurements, hemodynamic, tonometric and
calorimetric parameters were calculated immediately before
initiation of the RBC infusion and repeated immediately after
the infusion was completed.
Hemodynamic parameters included measurement of systemic
arterial pressure, pulmonary arterial pressure, central venous
pressure and pulmonary capillary pressure. Cardiac output was
assessed by continuous thermodilution (Vigilance Monitor:
Baxter, Edwards Critical-care Division, Santa Ana, USA).
All flow and volume measurements were indexed to body
surface area. Blood specimens were collected from the radial
artery catheter and from the distal extremity of the pulmonary
artery catheter in order to determine blood gas values (ABL-
725: Radiometer, Copenhagen, Denmark), oxygen saturation
(ABL-725), lactate (Vitrus 500, Johnson & Johnson Clinical
Diagnosis) and hemoglobin (STKS: Coulter Electronics,
Hialeah, Florida, USA) concentrations. Oxygen consumption,
oxygen transport, left ventricular systolic work index, systemic
vascular resistance index and pulmonary vascular resistance
index were calculated by the standard methods. Gastric
oxygen consumption was indirectly measured by gastric
tonometry and pHi determination [8]. A tonometry catheter is
a nasogastric tube with a silicon balloon in its tip, which is
extremely sensitive to carbon dioxide. This balloon was filled
with 2.5 ml of saline solution until an equilibrium with the
gastric mucosa was achieved (60 min before each measure-
ment). Once equilibrium was reached, the balloon was aspi-
rated and the carbon dioxide level was determined. The pHi
was calculated from the carbon dioxide value by applying the
Henderson–Hasselbach equation. The normal pHi value was
7.39 ± 0.03. Systemic oxygen consumption was measured
by indirect calorimetry [9]. The calorimeter measures carbon
dioxide and oxygen concentrations in the inspired and expired
air in each minute and calculates carbon dioxide production as
well as the oxygen consumption in each minute. The calorime-
ter was calibrated before each measurement. Thirty minutes
after stabilization of the patient, oxygen consumption was
measured for a period of 15 min. The APACHE II index was
used to evaluate the severity of the patient’s condition [10].
Statistical analysis
Data were expressed by mean values ± standard deviation.
Comparisons taken before versus after intervention were
evaluated using the Wilcoxon Signed Rank test in each
group. In order to study the relationship between the age of
the RBCs and the effect of this on pHi we used Pearson’s
correlation coefficient. We resubmitted the data for varianceCritical Care    December 2001 Vol 5 No 6 Fernandes et al.
analysis with repeated measures and related designs with the
intention to compare hemodynamic response to the interven-
tions between study groups. For statistical significance we
considered P < 0.05.
Results
Fifteen male patients were studied. Ten patients received
RBC transfusion. Their APACHE II score was 25.5 ± 7.6.
Five patients received 5% albumin and their APACHE II score
was 24.3 ± 6.0. Table 1 shows baseline patient characteris-
tics and Table 2 shows hemodynamic data, oxygen utilization
parameters and hemoglobin concentration in the group that
received RBC transfusion.
Blood transfusion increased hemoglobin concentration from
9.4 ± 0.5 to 10.1 ± 0.8 g% (P < 0.001).This was associ-
ated with an increase in the left ventricular systolic work
index (38.6 ± 12.6 to 41.1 ± 13.0 g/min/m2;  P < 0.05).
Although systemic vascular resistance was unchanged, pul-
monary vascular resistance was increased (203.7 ± 58.0 to
238.0 ± 49.8 dyne/s/cm5/m2;  P < 0.05). Filling pressures,
and systemic and regional oxygenation indices were not sig-
nificantly changed.
Table 3 depicts hemodynamic data and oxygen utilization
parameters for the colloid (control) group. The administration
of 5% albumin had no effect on hemodynamic parameters.
Although global oxygen consumption did not change, regional
gastric mucosa oxygenation was improved, with an increase in
pHi from 7.14 ± 0.2 to 7.24 ± 0.1 but did not reach statistical
significance (P = 0.1). Lactate levels were unchanged.
We were unable to find a correlation between the age of the
RBCs and the effects on pHi (r = 0.257, P = 0.473). Figure 1
shows the relationship between the age of RBCs and the
change in pHi. Figure 2 shows that the systemic oxygen deliv-
ery index (DO2) response to the interventions was effective in
both groups. Analysis of variance with repeated measurements
showed that DO2 increased (Group 1: from 607.3 ± 123.5 to
647.5 ± 167.7 ml/min/m2 and Group 2 from 699.6 ± 183.0
to 732.0 ± 194.8 ml/min/m2, P < 0.05).
Discussion
In this group of septic patients, red blood cell transfusion did
not improve systemic oxygen consumption, whether indirectly
calculated by the Fick method or actually measured by
calorimetry, despite increased arterial oxygen content. This
could be as result of cellular changes in stored RBC prior to
transfusion. Red blood cells stocked for transfusions become
rigid. This decreases 2,3-diphosphoglycerate levels and
renders red cells less capable of offering oxygen to tissues
[6]. These changes in stocked red blood cells are reversible
in vivo within 24 h [11,12]. The fact that we were unable to
detect an acute increase in the oxygen consumption could be
because we did not allow sufficient time for the above-men-
tioned cellular changes to revert. When oxygen consumption
Table 1
Patient baseline characteristics
Variable RBC group Albumin group
Gender M/F 10/0 5/0
APACHE II* 25.5 ± 7.67 24.3 ± 6.0
Diagnosis %
Clinical 50 40
Surgical 50 60
Source of infection %
Intra-abdominal 50 40
Lung 30 40
Heart 10 0
Unknown origin 10 20
ICU mortality 70 60
*Mean ± SD
Table 2
Results from the group receiving red blood cell transfusion
Variable Baseline After infusion P
HR (bpm) 109.4 ± 20.3 108.9 ± 21.7 NS
RAP (mmHg) 10.4 ± 3.7 10.7 ± 4.9 NS
MPAP (mmHg) 25.2 ± 5.0 26.9 ± 5.5 NS
WP (mmHg) 13.4 ± 3.8 13.2 ± 4.5 NS
MAP (mmHg) 76.8 ± 15.8 82.9 ± 17.2 NS
CI (L/min/m2) 4.7 ± 0.7 4.7 ± 1.1 NS
LVSWI (g/min/m2) 38.6 ± 12.6 41.1 ± 13.0 <0.05
SVRI (dyne/s/cm5/m2) 1050.3 ± 336.0 1148.3 ± 398.0 NS
PVRI (dyne/s/cm5/m2) 203.7 ± 58.0 238.8 ± 49.8 <0.05
DO2 (ml/min/m2) 607.3 ± 123.5 647.5 ± 167.7 NS
VO2 (ml/min/m2)
Calorimetry 168.9 ± 63.1 162.5 ± 67.7 NS
Fick 142.2 ± 44.9 149.6 ± 41.9 NS
Hb (g%) 9.4 ± 0.5 10.1 ± 0.8 <0.05
Ht (%) 27.8 ± 1.7 29.8 ± 1.8 <0.05
pHi 7.19 ± 0.07 7.21 ± 0.16 NS
Lactate (mmol/l) 1.8 ± 0.5 1.7 ± 0.5 NS
*Mean ± SD. CI, cardiac index; DO2, systemic oxygen delivery index;
Hb, hemoglobin; HR, heart rate; Ht, hematocrit; LVSWI, left ventricular
stroke work index; MAP, mean arterial pressure; MPAP, mean
pulmonary artery pressure; pHi, gastric intramucosal pH; PVRI,
pulmonary vascular resistance index; RAP, right atrial pressure; SVRI,
systemic vascular resistance index; VO2, systemic oxygen
consumption index; WP, wedge pressure.is calculated by the Fick method, the formula couples oxygen
consumption (VO2) to oxygen delivery (DO2):
DO2 = CI × CaO2
VO2 = CI × (CaO2 – CvO2)
where CI = cardiac index (l/min/m2), CaO2 = oxygen content
of arterial blood (ml/l) and CvO2 = oxygen content of venous
blood (ml/l).
Thus, an increase in oxygen supply could result in a false
increase in the oxygen consumption. On the other hand, indi-
rect calorimetry offers the possibility of directly measuring
oxygen consumption and is probably a more reliable method
[13]. Another disadvantage with the Fick method is that it
could potentially underestimate systemic oxygen consumption
because of its inability to measure data from bronchial circula-
tion and Thebesian’s circulations [14]. In the study reported
here, we did not observe the effect of mathematical coupling
of supply to consumption; RBC transfusion did not result in
increased O2 consumption, whether calculated by the Fick
method or measured by indirect calorimetry methods.
In this study another possible explanation for our findings is
the fact that our patients would not be in a delivery-dependent
state as we might speculate observing the baseline lactate
values. Gastric tonometry with pHi calculation has been uti-
lized as an indicator of regional gastric perfusion. It is a good
prognostic indicator in critically ill patients [15,16]. Regional
gastric oxygenation behavior in this study was similar to that of
systemic oxygenation and did not change in response to RBC
transfusion. Marik and Sibbald reported worsening of gastric
oxygenation when transfused blood cells were stored for more
than 15 days and they postulated that prolonged storage time
could make the cells rigid and this could, in turn, lead to capil-
lary obstruction and consequent decrease in local blood flow
[6]. Worsening of gastric mucosal and splanchnic oxygenation
could be associated with increased mucosal permeability and
bacteria translocation [17–19]. Blood viscosity is increased by
RBC transfusion and this may decrease oxygen transport to
Available online http://ccforum.com/content/5/6/362
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Figure 2
Systemic oxygen delivery index (DO2) response after intervention in
both groups. Repeated measures ANOVA (P < 0.05). RBC, red blood
cell.
DO
2
Albumin
group
740
720
700
680
660
640
620
600
RBC
group
Table 3
Results in the albumin group
Variable Baseline After infusion P
HR (bpm) 118.2 ± 33.9 120.2 ± 35.6 NS
RAP (mmHg) 11.4 ± 4.9 14.0 ± 3.3 NS
MPAP (mmHg) 24.2 ± 4.3 28.49 ± 3.5 NS
WP (mmHg) 11.6 ± 4.5 14.2 ± 3.6 NS
MAP (mmHg) 80.4 ± 22.0 81.6 ± 19.1 NS
CI (L/min/m2) 4.94 ± 1.05 5.20 ± 1.26 NS
LVSWI (g/min/m2) 37.2 ± 14.3 42.2 ± 18.9 NS
SVRI (dyne/s/cm5/m2) 1052.8 ± 261.0 1049.8 ± 236.5 NS
PVRI (dyne/s/cm5/m2) 237.0 ± 87.8 226.4 ± 57.8 NS
DO2 (ml/min/m2) 699.6 ± 183.0 732.0 ± 194.8 NS
VO2 (ml/min/m2)
Calorimetry 144.0 ± 30.5 147.2 ± 30.2 NS
Fick 110.8 ± 13.8 127.8 ± 30.9 NS
Hb (g%) 9.19 ± 0.49 9.12 ± 0.75 NS
Ht (%) 27.1 ± 2.69 27.4 ± 2.6 NS
pHi 7.14 ± 0.2 7.24 ± 0.1 NS
Lactate (mmol/l) 1.8 ± 0.5 1.7 ± 0.5 NS
*Mean ± SD. CI, cardiac index; DO2, systemic oxygen delivery index;
Hb, hemoglobin; HR, heart rate; Ht, hematocrit; LVSWI, left ventricular
stroke work index; MAP, mean arterial pressure; MPAP, mean
pulmonary artery pressure; pHi, gastric intramucosal pH; PVRI,
pulmonary vascular resistance index; RAP, right atrial pressure; SVRI,
systemic vascular resistance index; VO2, systemic oxygen
consumption index; WP, wedge pressure.
Figure 1
Change in intramucosal pH (pHi) versus red blood cell (RBC) age.
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–4tissues [6,20,21]. In the study reported here, pulmonary vas-
cular resistance increased significantly after RBC transfusion
and there was a nonsignificant trend towards an increase in sys-
temic vascular resistance. These changes can be deleterious in
septic patients, who often present with associated myocardial
dysfunction. An infusion of 500 ml of 5% albumin was used in
this study with the intention of promoting a plasma expansion
varying from 250 to 500 ml [22,23] to serve as a control group
for the 10 patients that received RBC transfusion.
Use of albumin as a plasma expander is controversial. The
Cochrane Injuries Group has reviewed the use of albumin in
critically ill patients and has concluded that it could increase
mortality [24], but this review has been severely criticized [25]
and albumin is widely used as a colloid expander. Colloid
expansion did not change filling pressures, cardiac index or
systemic oxygen consumption but caused a nonsignificant
increasing in gastric pHi, denoting improved oxygenation of
the gastric mucosa. The trend towards an increase in gastric
oxygenation could be related to some degree of hemodilution
and amelioration of gastric mucosal rheology, although neither
of these factors was demonstrated in our study, perhaps
because of the small number of patients involved.
The effects of colloid infusion on gastric mucosal perfusion
are still controversial. Boldt’s group randomized septic
patients to receive hydroxyethyl starch or albumin (both
groups also received saline infusion) for a period of 5 days.
The pHi was low in both groups and was increased by
hydroxyethyl starch but not by albumin, but this effect was
only evident after 48 h [26–28]. Forrest reported that 10%
pentastarch infusion did not change pHi in hypovolemic
septic patients [29], but measurements were only taken for
2 h after infusion and it is known that the effects of colloidal
infusion are not immediately evident [30]. Indication for RBC
transfusion should be always a carefully judged clinical deci-
sion. A recent study failed to demonstrate reduced mortality
in critically ill patients with hemoglobin levels between 7 and
10 g% who received RBC transfusion [31]. Anemia does not
aggravate gastric mucosal acidosis [32], whereas RBC trans-
fusion can worsen it [6].
In this study we found that albumin (and probably other
colloid expansions) may improve gastric pHi. It seems clear
that restoration of circulating blood to normal levels is
capable of restoring gastric perfusion and it should precede
blood cell transfusion in septic patients with hemoglobin
levels above 8 g%, who are not suffering from associated
coronary heart disease.
Conclusions
Blood transfusion does not lead to acute improvement in sys-
temic or regional oxygen utilization and can hamper right ven-
tricular ejection by increasing pulmonary vascular resistance,
whereas restoration of circulating blood with colloidal solu-
tions may improve gastric perfusion in septic patients.
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